Over the last several years, the Z Accelerator has been engaged in research on nearPlanckian x-ray sources for inertial confinement fusion and on K-shell emitting sources for radiation-material interaction studies. These radiating z pinches exhibit complex dynamics that have been, and continue to be, studied over a wide range of configurations. In this paper, the progress to date for the production of tens to hundreds of kilojoules of K-shell emission from 8 keV to 3 keV will be presented. Nested wire arrays and multishell gas puffs have been employed to help mitigate implosion instabilities and asymmetries to produce x-ray powers of tens of terawatts with emitted x-ray risetimes of a few nanoseconds. Spectroscopy and modeling of these pinches are providing insight into the role of temperature and density gradients and other plasma phenomena in the production of the radiation. Future directions will also be discussed.
INTRODUCTION
The Z Accelerator 1 can deliver up to 20 MA to an imploding load in ~ 100ns to produce copious x-ray output, with > 1.8 MJ of radiated output, and > 200 TW of radiated power 2 . At this current level, a magnetic field in the megagauss range is produced in the radiating region. X-ray research at this facility spans a wide range of topics, from basic z-pinch physics research [3] [4] [5] to inertial confinement fusion [6] [7] [8] [9] to K-shell source development relevant for radiation-material interaction studies [10] [11] [12] [13] . All of these research areas are related through the basic physics associated with z pinches, from the early stages of wire initiation to the later stages of ablation, implosion, stagnation, and disruption. The development of advanced diagnostics, such as x-ray backlighting 14 , monochromatic selfemission imaging 15 , and time-resolved spectroscopy 16 have provided opportunities to study in detail the ablation, implosion, and stagnation physics. Additionally, a variety of modeling and simulation tools have helped identify relevant physics for the various configurations fielded [17] [18] [19] [20] [21] .
Challenges for the K-shell sources include optimization of the z-pinch output and understanding the dominant physics that limits this output. The production of K-shell x rays requires high temperatures (> 2 keV) and high densities (> 10 18 cm -3 ) in the z pinch, which typically require large diameter loads (> 40 mm) [22] [23] . As the K-shell photon energy increases the initial load diameter necessary to achieve appropriate temperatures and densities increases; this is described in detail in Ref. [22] and [23] . Rapid ionization through various stages that are copious emitters is also necessary to access the K-shell. The K-shell line radiation must therefore compete with lower energy line emissions, recombination radiation, and bremsstrahlung radiation 24 . This competition, especially with the lower energy line emissions which can cool the plasma during the implosion, increases with atomic number and can limit the plasma temperature. The primary source of heating for the electrons is the kinetic energy of the ions, through collisional heating at stagnation.
K-shell sources offer a unique opportunity to provide insight into the stagnated plasma since the plasma temperature and density can be inferred from experimental measurements of the K-shell spectrum, which can then be compared with theory and simulation. The necessity of large diameter loads for K-shell emission, however, generally leads to less symmetric, and possibly non-optimal output, due in part to the large inter-wire gaps that result from the mass restrictions on these loads [25] [26] [27] . Gas puff loads do not have this complication, but large diameter loads are also more susceptible to the growth of magnetohydrodynamic (MHD) instabilities, such as Rayleigh-Taylor [28] [29] , which can disrupt the pinch performance independent of load style. The jxB coupled energy is higher at comparable implosion times as the load diameter increases (e.g. lower mass for larger diameters with higher compression ratios), however, but designing loads that can take advantage of this energy within the wire number is challenging.
Experiments over the last several years at Z have evaluated a variety of K-shell sources, from aluminum at 1.8 keV up to copper at 8.4 keV photon energy [10] [11] [12] [13] . Loads have included both single and nested wire arrays, as well as gas puffs. In these Proceedings, highlights of the K-shell x-ray research at Sandia National Laboratories Z Accelerator are presented. Variations on the initial load configurations have been performed, and advanced diagnostics have provided detailed information about the stagnated plasma conditions and stagnation physics,. Future plans and expectations for outputs are also presented.
THE Z MACHINE AND DIAGNOSTICS
The Z accelerator at Sandia National Labs can deliver up to 20 MA to an imploding load in a 100 ns pulse. It is a 36 module machine is based on traditional water-dielectric pulse forming technology, with a stored electrical energy of 11.5 MJ which results in a 3 MJ, 50 TW electrical pulse at the vacuum-water barrier 1 . A variety of diagnostics are available to study the radiated output from the z pinch, including filtered photoconducting detectors (PCDs) , filtered gold bolometers, bare and filtered nickel bolometers, filtered x-ray diodes (XRDs), time-integrated and time-resolved spectroscopy, and time-resolved pinhole cameras 30 . The XRDs measure power in energy bins from 0.18 to 1.5 keV and the PCDs measure 1 to 10 keV yields. The bolometers can also be filtered to measure 1 to 10 keV yield, or fielded unfiltered to measure the total Zpinch yield. The K-shell x-ray power is determined from the measured PCD voltage via an unfold routine that incorporates the calibration of the diamond element, the collection solid angle, and the filter transmission. The total power is determined from a normalization of the XRDs and bare nickel bolometers. XRDs and PCDs are calibrated diagnostics, with calibration factors resulting from comparisons to a reference standard whereas the bolometers (both nickel and gold) are intrinsically calibrated by material properties. Multiple diagnostics are fielded for the yield measurements for redundancy. The spectrometers can provide line spectra from 1 to 10 keV, and are generally configured to measure the K-shell emission from the z pinch. The time-resolved spectrometer provides this data throughout the x-ray pulse, while the time-integrated spectrometer is fielded with spatial resolution. Information about the uniformity (axial and radial) and overall quality of the Z-pinch are provided by the time-resolved pinhole images.
WIRE ARRAY EXPERIMENTS
A variety of wire array loads have been fielded at the Z Accelerator to study K-shell emission. These loads include single and nested arrays with initial diameters ranging from 40 mm to 80 mm. Examples of wire arrays are shown in Fig. 1 . Nested wire arrays are two concentric wire arrays and for all the arrays presented in this paper, have a 2:1 outer:inner mass and diameter ratio. Material constraints result in low wire number (large inter-wire gap) arrays. For example, a stainless steel (SS) nested wire array consisting of a 70 mm outer array on a 35 mm inner array is fielded with 64 and 32 wires that are 10.16 m diameter on the outer and inner arrays respectively. This results in a 3.44 mm interwire gap. The smallest wires available for SS are ~ 8 m diameter. Previous work with single arrays [25] [26] [27] suggests than for optimal symmetry in the LPSORVLRQ DQG WKH KLJKHVW SRZHU LQWHUZLUH JDSV m are desirable. These low wire number arrays, however, appear to operate effectively for K-shell emission, particularly when nested. Fig. 2 are the K-shell line spectra and peak K-shell outputs, as a function of photon energy, for the various K-shell sources studied at the Z Accelerator. The initial array configurations used to produce these spectra and peak outputs were a 40 mm on 20 mm nested array for Al, the 8 cm 1234 nozzle for Ar, a 50 mm on 25mm nested array for Ti, a 55mm on 27.5 mm nested array for SS, and a 60 mm on 30 mm nested array for Cu. All the loads were 20 mm tall. As seen in Fig. 2 , the Al K-shell radiates primarily from 1.3 -2 keV with significant continuum extending to 3 keV, the Ar K-shell is generally 3-3.5 keV, the Ti K-shell is 4.6 ± 4.9 keV, the SS K-shell is 5.6 ± 7.7 keV, and the Cu Kshell is ~ 8.4 keV. Many experiments were performed to determine the optimal configurations, and it is possible that further experiments would result in higher K-shell output. Scaling theories developed at the Naval Research Lab [22, 23] have provided significant guidance in assessing where efficient K-shell radiation should occur. The radiated K-shell yield scales as the mass (or current squared) in the efficient regime of Kshell radiation for a given material, while the yield scales as the mass squared (or current to the fourth power) in the inefficient regime. The load mass where the output transitions from the efficient to inefficient regimes is known as the mass breakpoint. Additionally, it has been shown experimentally that copious K-shell emission occurs when , defined as the ratio of the kinetic energy per ion to the energy necessary to ionize to the K-shell, is > 2. For Z, photon energies below 5 keV (Ti K-shell) can be produced efficiently; photon energies higher than 5 keV will be inefficient radiators.
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Figure 2.
Line spectra from various K-shell sources at the Z Accelerator. The outputs listed are the peak radiated output in the K-shell lines. The y-axis is arbitrary and has been shifted for clarity only. Fig. 3 are the results of experiments designed to study differences in K-shell output for single and nested Ti and SS wire arrays. In Fig. 3(a) , the K-shell yield is plotted for the single and nested arrays fielded for SS and Ti. The x-axis is the calculated zero-dimensional implosion velocity. For both Ti and SS, the single arrays appear to have higher K-shell output than the nested arrays over the range of loads fielded. The total radiated output is similar for these configurations, however, and is ~ 1.2-1.3 MJ. The total radiated power is higher for nested arrays, as seen in Fig. 3(b) , where SS x-ray pulseshapes are plotted for a single array and a variety of nested arrays. Use of a nested array is believed to help mitigate the growth of MHD instabilities, such as RayleighTaylor, which results in improved implosion symmetry and therefore faster rising, narrower x-ray pulseshapes 31 . This is clearly seen in Fig. 3(b) , where the single array has a longer rise, and larger full-width-at-half-maximum (FWHM) than any of the nested arrays waveforms. The 55 mm nested array has the highest power, with a somewhat slower implosion velocity than the 55mm single array. Up to one third of the radiated energy in the K-shell occurs after stagnation, as evidenced by the past-peak feature later in time in Fig. 3(b) . Nested arrays also tend to radiate more uniformly along the length of the pinch, as seen in Fig. 4 . The images in Fig. 4 are from a time-resolved pinhole camera, with these images capturing the K-shell emission near peak radiation. The higher radiated output for the single arrays likely results from the prevalence of localized regions of hotter, denser plasma in the single array z pinch relative to the nested array z pinch. While these localized regions are present in both images of Fig. 4 , they cover larger regions for the nested array than the single array, indicating that the single array output is dominated by the emissions from these hotter, denser regions. The dependence of the output on these localized radiating regions is likely to make the pinch less reproducible and is a possible explanation for the yields observed with single arrays. Xray images of the softer emissions (> 1 keV) show significantly less structure and indicate Figure 4 . Uniformity of the K-shell emission from 55mm (a) single and 55mm (b) nested SS wire arrays at the time of peak x-rays. a wider region of emission. This is consistent with the assertion that the K-shell emission requires higher temperatures and densities; the softer emissions can occur with lower temperature and density, which is likely to cover a larger radial extent.
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The recent development of a monochromatic pinhole imaging diagnostic 15, 32 has allowed for monochromatic images at 277 eV as well as images of the K-shell emission. This diagnostic has been providing additional insight into the stagnation physics, with 277 eV images showing significant structure indicative of MHD instabilities during the implosion. At similar times, the K-shell images show that the K-shell radiation emanates from a narrow, yet still highly structured, column on the axis, evidence of a hot, dense region on the axis present both before and after stagnation, surrounded by a cooler blanket of material that is still imploding past the peak radiated output. There is also evidence of trailing mass, which has been observed in many wire array experiments and can impact the implosion dynamics 33 . These images also highlight the role of opacity for the lower photon energy K-shell radiators and the relationships between radiation transport and the three dimensional structure of the z pinch 32 . The images from different K-shell sources show the structure varies with atomic number, primarily in the K-shell emission; the K-shell region is more localized for the higher photon energy sources. This illustrates the different plasma conditions necessary for the K-shell output with the different atomic number loads, and the difficulty in achieving these conditions for higher photon energies. Early time images collected on a laser shadowgraphy system 34 and with monochromatic x-ray backlighting 14 , provide an opportunity to study the initial structure that occurs during the initiation and ablation phases, and track this structure to stagnation.
Comparisons of the radiation in the K-shell relative to the total radiation show that for many of these K-shell sources, less than 10% of the energy radiated is in the K-shell lines. This is particularly true for the higher photon energy sources, such as Ti, SS, and Cu. For the softer K-shell sources, such as Al and Ar, up to 40% of the energy is in the K-shell and K-shell continuum. For the SS loads at Z, the general trend is that the ratio of K-shell to total radiated energy generally increases with increasing load diameter (increasing implosion velocity), except at the largest diameter (~80 mm), where it drops significantly. This suggests that the larger diameter loads have better mass participation. These same loads show that the K-shell radiating mass fraction increases with increasing diameter, with the largest diameters surpassing 15% participation. The larger diameter loads tend to have more structure (i.e., localized hot, dense regions), however, which may skew this interpretation. Ultimately, enhancing the K-shell output for many of these loads may be tied to extending the hot, dense regions to a larger physical region to allow for more mass participation.
The time-integrated and time-resolved K-shell spectroscopy fielded can be used to infer electron temperatures and ion densities through comparison of measured line ratios with detailed collisional-radiative-equilibrim calculations 35 . Shown in Fig. 5 is an example of a time-integrated, axially-resolved spectrum, with the axially averaged lineout plotted. This spectrum was obtained on a 60mm diameter nested SS wire array. The lineout clearly shows the K-shell emission from Cr, Fe, and Ni, the three main components of stainless steel. Using the line ratios of the Fe and Cr lines, an electron temperature and ion density can be inferred. For this case, the temperature is ~ 3.5 keV, consistent with the plasma conditions predicted to produce significant K-shell emission. Also plotted in Fig. 5 are the electron temperatures for other SS wire array loads, and Ti loads. In all cases, the spectra were axially averaged. The inferred temperatures for Ti are less than those for SS, with the Ti loads typically < 3 keV, with the SS loads ~ 3.5 keV for nearly all loads fielded. This illustrates the different plasma conditions necessary for the different K-shell emission, emphasizing that the higher photon energy loads require higher temperatures. The axially resolved image of the SS spectrum shows structure along the length of the pinch, consistent with the structure observed in Fig. 4 . If lineouts are taken at different axial locations, the line ratios used to infer the plasma conditions vary. Hotter temperatures are observed at the cathode end of the pinch than the anode end. Temporally resolved spectra have also been collected to study the evolution of the temperature and density through stagnation and disruption. In some cases the time resolved data is also radially resolved. These spectra can be analyzed to study temperature and density gradients present in the plasma. For example, for stainless steel, it is observed that the Ni emissions have a similar spatial extent to the Cr and SS emissions, but radiate over a shorter duration. This reiterates that the plasma conditions necessary for the Ni K-shell emissions, at 7.7 keV, are more difficult to achieve and exist for only a brief time in the z pinch.
The spectra can also be used to assess the impact of opacity on the radiation from the z pinch. Opacity can limit the radiation that escapes form the core of the pinch through absorption of the x-rays. The absorption process of the line radiation removes photons from the emission, but can result in additional high energy electrons. One impact of this process is that instead of the z pinch acting as a volume radiator, it transitions to a surface radiator as the density of the z pinch increases. The pinch dynamics can be altered by the spatial redistribution of the energy via the emission and reabsorption in the plasma. These processes affect the line ratios in the spectrum, which can lead to a misinterpretation of the temperature and density of the plasma if opacity is not properly addressed. The effects of opacity are observed experimentally in the K-shell sources in the spectral line ratios, particularly for the Al K-shell. For most of the Al experiments fielded at Z, an alloy of Al and Mg is used, with the Mg representing approximately 5% of the total mass. The Al and Mg lines both appear in the spectra, but the Mg lines are evident in a disproportionate intensity relative to the mass distribution of the Al and Mg. These effects are illustrated in Fig. 6 . Figure 6 . Time resolved spectra from a 40mm nested Al/Mg wire array.
GAS PUFF EXPERIMENTS
The Z Accelerator does not presently have a resident gas puff system but has collaborated with L-3 Pulse Sciences to evaluate gas puff sources at the > 10 MA level. To date, experiments have been conducted with argon, to study the 3 keV emissions, and deuterium, to study neutron emissions.
Argon
A series of experiments was performed at Z using the L-3 Pulse Sciences 1234 nozzle. This nozzle, shown in Fig. 7(a) and described in detail in Refs. [11 ] and [37] , consists of two shells, with the inner shell spanning 1 to 2 cm radius and the outer shell spanning 3 to 4 cm radius. A set of bolts is used to define the return current path, with a pattern of wires used to define the anode plane and a different pattern of wires used to define the cathode plane. The wires are necessary for the cathode plane since the inner portion of the gas puff nozzle is recessed. The mass ratio of the two shells is approximately 1:1. A preionizer was used to initiate the gas prior to the delivery of the bulk of the current. Note that this nozzle was fielded on a variety of accelerators to study Ar emission and was not necessarily the optimal configuration for Z. It should also be noted that a larger diameter nozzle was not possible due to the physical limitation of the convolute hardware at Z.
The initial experiments at Z studied the scaling of the output with load current and varied the load mass to find the optimal mass for coupling to the current available. A peak Kshell output of ~ 300 kJ was observed 11 . Subsequent experiments studied the reproducibility of the output. A typical pulseshape for the Ar K-shell is shown in Fig. 7 (b). This pulseshape is somewhat slower rising and wider than the higher photon energy K-shell sources such as SS or Cu. Line ratios from time-integrated spectroscopy suggest that an electron temperature of 2.4 keV was achieved. While this is lower than the values cited earlier for the Ti and SS wire array loads, it is higher than the measured temperature for Al (1.6 keV). This trend is expected given the different conditions necessary for producing the K-shell. 
Deuterium
The success of the Ar experiments, and the high temperatures and densities that have been inferred from the stagnated z pinches led to the consideration of Z for producing neutrons from a deuterium gas puff. If similar conditions could be achieved in a deuterium z pinch as measured in the argon z pinch, this would lead to substantial neutron production 37 . These experiments also utilized the L-3 1234 nozzle, with a 1:1 mass ratio. The deuterium was doped with Ar and Freon-12 in order to track the implosion of the gas puff and assess the plasma conditions. The initial experiments varied the mass and the current level at Z to study the scaling of the neutron output. Subsequent experiments examined the impact of the dopants on the neutron output.
At the highest masses fielded, the neutron output, as measured with a variety of indium detectors, was approximately 3 x 10 13 . 38 This level was demonstrated to be reproducible and isotropic. Complications were experienced in collected neutron time-of-flight data in multiple directions due to the gas puff hardware. Therefore the origin of the neutrons (thermonuclear vs. beam-target) remains unresolved at this time. A variety of calculations, in 1D, 2D, and 3D reproduce the measured neutron output well [37] [38] , however, suggestive of a significant thermonuclear component as the calculations do not presently have the physics to model beam-target processes. The dopant materials provided x-ray signatures that were useful in assessing the implosion time, as well as providing the opportunity to spectroscopically evaluate the stagnated pinch, as has been done with other K-shell sources. Inferred electron temperatures and ion densities indicate that the stagnated plasma was ~ 2 keV, with a deuterium ion density of ~ 10 20 cm -3 . The spectra also show that the hottest, densest regions of the plasma were near the cathode. This is consistent with 2D calculations that show most of the neutron output originates near the cathode.
SUMMARY & FUTURE DIRECTIONS
In this paper, a variety of experimental results were presented on the K-shell sources developed at the Z Accelerator. These experiments, conducted over a period of several years and multiple test series, have resulted in optimized loads for a variety of K-shell radiators. Single and nested wire array configurations have been fielded. While the output is somewhat higher with single arrays, the K-shell radiation generally originates from isolated hot, dense regions in these loads. The nested arrays have more uniformly distributed hot, dense regions as well as faster risetimes and narrower x-ray pulseshapes, indicative of a reduction in the growth of MHD instabilities. Advanced imaging diagnostics, as well as spectroscopic diagnostics, have provided detailed information on the stagnation physics and stagnated plasma conditions. The measured conditions are consistent with scaling theory predictions for the necessary temperature and density conditions for copious K-shell emission.
When ZR comes online in 2007 with 26 MA of current available, significant increases in K-shell x-ray emission are anticipated based on modifications to the scaling theories based on the data presented here [39] . For example, The Ti output should double, and the SS output should quadruple. At the ZR current levels, the magnetic field will increase IXUWKHU LQ DFFRUGDQFH ZLWK )DUDGD\ ¶V ODZ $V WKLV ILHOG VWUHQJWK LQFUHDVHV WKHUH ZLOO EH zones of transition that can influence the magnitude of the emitted radiation as well as the emission spectra. The bremsstrahlung emission will begin to transition to cyclotron radiation in the regions of highest magnetic field and the line spectra will be augmented with the onset of forbidden transitions, giving rise to plasma satellite lines. Zeeman splitting will also be more pronounced. Additional load variations are likely at ZR, including the study of triple nested wire arrays, investigations into wire number effects on K-shell emission, studies of magnetic field asymmetries induced by the positioning of return current can relative to the wire array, and investigations into electrode effects.
